Abstract The Arctic Ocean is an important sink for atmospheric CO 2 . The impact of decreasing sea ice extent and expanding marginal ice zones on Arctic air-sea CO 2 exchange depends on the rate of gas transfer in the presence of sea ice. Sea ice acts to limit air-sea gas exchange by reducing contact between air and water but is also hypothesized to enhance gas transfer rates across surrounding open-water surfaces through physical processes such as increased surface-ocean turbulence from ice-water shear and ice-edge form drag. Here we present the first direct determination of the CO 2 air-sea gas transfer velocity in a wide range of Arctic sea ice conditions. We show that the gas transfer velocity increases near linearly with decreasing sea ice concentration. We also show that previous modeling approaches overestimate gas transfer rates in sea ice regions.
1. Introduction
Arctic Ocean CO 2 Uptake
In the Arctic Ocean, cooling waters in wintertime act to increase CO 2 solubility, enhancing uptake from the atmosphere, while formation of sea ice promotes deepwater formation, sequestering CO 2 from surface waters into the deep ocean. In summertime, primary production acts to draw down CO 2 . These processes combine for an estimated net air-sea flux of À66 to À199 Tg C yr À1 into the Arctic Ocean [Bates and Mathis, 2009] , 4% to 12% of the net global oceanic CO 2 uptake . Sea ice is also known to be permeable to gases and may act both as a sink for CO 2 during melt [Delille et al., 2014] and a source of CO 2 during freezeup conditions [Delille et al., 2007] . When melt ponds form on the sea ice, they may act as an additional sink due to the initially low CO 2 concentration in the meltwater [Geilfus et al., 2015] .
The Arctic is undergoing accelerating ice loss and a widening of the summertime marginal ice zone (MIZ: a region with sea ice concentration between 15% and 80% adjoining both pack ice and sparse ice), with the poleward expansion of the MIZ outpacing the contraction of the equatorward edge [Strong and Rigor, 2013] . Ice cover and thickness are also reducing substantially in the central Arctic, with a decrease in annual mean thickness from 3.59 m to 1.25 m between 1975 and 2012 [Lindsay and Schweiger, 2015 . The impact of reduced sea ice cover on the Arctic CO 2 sink is complex and poorly understood [Parmentier et al., 2013] , with both increases [Arrigo et al., 2008] and decreases [Cai et al., 2010] in the magnitude of the sink predicted.
Gas Transfer Velocity
The flux of a poorly soluble trace gas, such as CO 2 , across the air-water interface, F CO2 , can be represented as a product of the air-water partial-pressure difference, ΔpCO 2 ; the aqueous-phase solubility of the gas, K 0 ; and an exchange rate, or transfer velocity, k: strength and timing of factors which impact waterside CO 2 partial pressure, pCO 2w , such as biological export, and the amount of sea ice decline expected in coming years.
The transfer velocity is the kinetic driver of the exchange and represents interfacial turbulent processes that are challenging to measure directly [e.g., Jähne et al., 1987; McGillis et al., 2001; Wanninkhof et al., 2009] . It is typically parameterized in terms of more easily measurable quantities, most commonly wind speed, the primary driver of ocean near-surface turbulence.
To estimate k eff , the gas transfer rate in the presence of sea ice, assessments of the polar CO 2 sink have typically used open-water k parameterizations and hypothesized a linear scaling against the fraction of open water, f [e.g., Takahashi et al., 2009] . There are few reported measurements of k eff in sea ice regions. The first used an indirect radon isotope-deficit method [Fanning and Torres, 1991] . In ice concentrations greater than 70%, k eff was found to be an order of magnitude higher than expected from a linear scaling. More recent radon isotope-deficit results found k eff suppressed relative to linear scaling for ice concentrations of 56% to 75% [Rutgers van der Loeff et al., 2014] . Indirect estimates [Loose and Schlosser, 2011; Loose et al., 2014] and laboratory studies [Loose et al., 2009; Lovely et al., 2015] found that k eff depended on other interfacial turbulence forcing such as shear between floating ice and the underlying water and form drag on the wind from ice edges, in addition to wind speed and f. All these physical processes have been incorporated into a gas transfer model that predicts enhanced transfer rates in the presence of sea ice [Loose et al., 2014] .
Measurement of F CO2 using eddy covariance (EC) enables k eff to be directly determined from ((1)) and related to forcing conditions on short time scales of 10 min to 1 h and spatial scales on the order of 1 km. In contrast, the radon isotope-deficit method averaging times and spatial scales are on the order of 3.5 days and 20 km, much longer than the periods over which local forcing changes with the movement of weather systems.
A large disparity exists in reported EC CO 2 fluxes in sea ice regions. Several experiments have reported highly variable fluxes, including measurements higher than typical open ocean values by an order of magnitude or more [Zemmelink et al., 2006; Else et al., 2011; Miller et al., 2011; Papakyriakou and Miller, 2011; Sørensen et al., 2014; Sievers et al., 2015] . However, the open-path CO 2 flux instrumentation used in these studies is now known to be unsuitable for marine measurement: optical contamination and water vapor cross sensitivity [Miller et al., 2010; Blomquist et al., 2014] result in large biases [Prytherch et al., 2010] which are not correctable [Landwehr et al., 2014] . Other studies have reported similarly large fluxes in Pacific and Siberian sectors of the Arctic [Semiletov et al., 2004; Semiletov et al., 2007] , but details of the flux measurements are not available. Experiments using closed-path instrumentation [Sievers et al., 2015] or different methods such as chamber flux measurements [Geilfus et al., 2012; Nomura et al., 2013; Delille et al., 2014; Geilfus et al., 2015] report much smaller fluxes. The EC and chamber flux experiments listed did not determine k eff . Recent extensive measurements from an automated closed-path EC flux system on an icebreaker operating in the Southern Ocean indicate a linear dependence of k eff on f [Butterworth and Miller, 2016a] .
Here we report the first direct determination of CO 2 gas transfer velocity obtained in the Arctic MIZ, as well as in pack ice and open water. Observations were made in the eastern Arctic Ocean shelf region from the Swedish icebreaker Oden during the 3 month Arctic Clouds in Summer Experiment (ACSE), a component of the Swedish-Russian-US Arctic Ocean Investigation on Climate-Cryosphere-Carbon Interactions (SWERUS-C3). An analysis of measurements in both open water and variable sea ice conditions is used to evaluate models of gas exchange in sea ice.
Methods

Expedition
The primary purpose of ACSE was to study Arctic clouds, their effect on the surface energy balance and hence sea ice, and the effect of surface conditions on cloud properties during the summer melt and early autumn freezeup [Sotiropoulou et al., 2016] . A primary goal of SWERUS-C3 was to study the Arctic Ocean carbon cycles, and the results presented here are the result of an ad hoc collaboration during the expedition. The expedition began in Tromsø, Norway, on 5 July 2014, day of year 186 (DOY; defined as 1.0 at 00 UTC on 1 January; all times given in UTC). The ship crossed the Kara, Laptev, East Siberian, and Chukchi Seas, mostly on or just off the edge of the Siberian shelf, arriving in Barrow, Alaska, on 19 August (DOY 231). A second leg started on 20 August and returned to Tromsø, via a route somewhat farther north, ending on 5
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October (DOY 278; Figure S1 in the supporting information). An extensive suite of in situ and remote sensing instrumentation was installed on Oden Achtert et al., 2015] , of which only that relevant to the observations reported here is described below.
Measurements
The three-dimensional wind vector and CO 2 mixing ratio were determined at 10 Hz by a sonic anemometer mounted on a mast installed over Oden's bow and a Los Gatos Research Fast Greenhouse Gas Analyzer (FGGA) at the base of the mast, with an inlet co-located with the anemometer. The FGGA measures humidity and controls temperature and pressure within its measurement volume to obtain CO 2 dry mole fraction [Baer et al., 2002; Yang et al., 2016] , and additional correction for dilution effects is not required. An inline drier, such as a Nafion system, may reduce noise in the dry mole fraction calculation and is recommended for closedpath marine flux measurement [Miller et al., 2010; Blomquist et al., 2014; Butterworth and Miller, 2016b] but was not available here. Additional information on the instrumentation and data processing, including corrections for platform motion and airflow distortion, is given in the supporting information but follows wellestablished methods [Edson et al., 1998; Prytherch et al., 2015] . EC CO 2 fluxes were determined over 20 min long averaging intervals. Mean winds were adjusted to a standard 10 m reference height and neutral stability (U 10n ) by using the Businger-Dyer relationships [Businger, 1988] . The solubility of CO 2 in seawater was determined following Weiss [1974] by using water temperature and salinity measured continuously at 1 Hz with a Seabird TSG mounted on the Oden's underway sample line with an inlet at 8 m depth. During the expedition's first leg, pCO 2w was measured continuously by using the Stockholm University Water Equilibration Gas Analyser System (WEGAS) [Thornton et al., 2016] , sampling from the ship's underway sampling line. Closest-to-surface water samples from conductivity-temperature-depth (CTD) rosette bottles at 5 to 10 m depth were also used to measure pCO 2w at stations during the expedition (Figure 1 ). The ΔpCO 2 was determined preferentially from the WEGAS system and the FGGA mast measurements. When the WEGAS system was unavailable, bottle measurements were linearly interpolated to the flux-observation time with a maximum allowed time difference of 12 h. The root-mean-square error in the transfer velocity resulting from ΔpCO 2 uncertainty is estimated to be 17%. Gas transfer velocity was calculated from ((1)) and normalized to a Schmidt number of 660 with an exponent of 0.5 following Wanninkhof [2014] . Further details on the ΔpCO 2 uncertainty and transfer velocity calculation are provided in the supporting information.
From the 3 months of the expedition, there were 1146 20 min flux-observation periods with all the necessary data to determine transfer velocities, acceptable relative wind directions (±120°from the bow) and minimal ship maneuvering. Of these, 953 were determined to have turbulent statistics that passed quality control measures for flux calculations, following Foken and Wichura [1996] . The CO 2 flux measurement uncertainty was determined following the approach of Blomquist et al. [2014] ; further information is provided in the supporting information. For a wind speed of 7 m s À1 , the ΔpCO 2 at which 20 min CO 2 flux uncertainty was 100% was~40 ppm ( Figure S2 ). This was set as the minimum threshold, a criteria met by 734 periods.
Sea ice concentration is obtained from Advanced Microwave Scanning Radiometer 2 (AMSR2) satellite passive microwave measurements [Spreen et al., 2008] by using the Artist sea ice algorithm (ASI 5). Daily concentration estimates on a 6.25 km grid are obtained from the University of Bremen (http://www.iup. uni-bremen.de:8084/amsr2/#Arctic). Flux measurements were matched to the grid cell containing Oden's position, and the ice concentration measurement interpolated to the flux measurement time.
There are 277 measurements classified as open water (ice concentration less than 1%). Following removal of outliers (more than two standard deviations from the mean), 263 open-water measurements are included in this analysis. For analysis of measurements in sea ice, the ratio k eff /k Wan'14 , where k Wan'14 is a quadratic wind speed-dependent open ocean estimate [Wanninkhof, 2014] , is used to remove the wind speed dependence of k eff . Measurements for which the absolute value of this ratio was greater than 10 were removed, prior to removal of outliers as defined above.
Results
EC gas flux measurements were obtained in and close to sea ice during both the summer melt season and the beginning of the autumn freezeup (Figures 1 and S1 ). transiting through the east Arctic from 125.5°E to 175.6°E at latitudes between 74.2°N and 79.4°N. During this period ΔpCO 2 was relatively small (1 ± 57 μatm) and varied between positive and negative. Flux measurements were made from Oden in sea ice during 14 days in summer. Sea ice concentration was consistently above 80% with melt ponds present, and large negative ΔpCO 2 (À126 ± 48 μatm). During the autumn freezeup, Oden transited from 174°W to 142°E at latitudes between 72.1°N and 81.4°N. Sea ice was more variable, melt ponds were no longer present, and sea ice conditions included grease and pancake ice. For the 14 days that Oden was in sea ice in autumn and flux measurements were made, the ΔpCO 2 gradient remained strongly negative (À88 ± 25 μatm). The variability in ΔpCO 2 during the expedition was primarily spatial rather than temporal ( Figure S1 ). Overall, 340 of 541 flux measurements >5 mmol m À2 d À1 were in the direction expected from the measured ΔpCO 2 . Measurements in the opposite direction to that expected may result from natural variability in a stochastic process, measurement error, or environmental factors, discussed below. 
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CO 2 cospectra and cospectral ogives are more variable than those for the momentum and sonic temperature flux measurements (Figure 2 ), reflecting the higher measurement noise, though all have the expected shape. Open-water k measurements are in good agreement with bulk wind speeddependent parameterizations (Figure 3 ). The wind speed-binned measurements, excluding the highest wind bin (consisting of two measurements), are best fit by a quadratic wind speed relationship (r 2 0.97), and the bulk quadratic [Wanninkhof, 2014] parameterization falls within the standard error of the binned measurement means.
Measured k eff in sea ice regions has a close-to-linear dependence on f (Figure 4) 
Discussion
Error in the determination of ΔpCO 2 results from temporal and spatial variabilities of pCO 2w (see the supporting information) and may also be introduced by vertical near-surface pCO 2w gradients. Surface pCO 2w may be higher than at 8 m depth when fluxes are into the water, causing our estimates of k eff to be biased low. Wind, ice-water shear, and convection all act to mix surface water, even in near-100% sea ice or low-wind conditions [e.g., Sirevaag et al., 2011] , and temperature profiles from CTD stations showed a well-mixed layer to depths below 10 m throughout the expedition. Convection-induced mixing in autumn would act to reduce any vertical pCO 2w gradient. No statistically significant difference (using two-sample t and Wilcoxon rank sum tests at the 10% level) was found between sea ice-binned k eff measured in summer and in autumn, suggesting that any net effect from vertical pCO 2w gradients was small. 
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The measured CO 2 flux, F meas , incorporates contributions from sea ice, F ice , and from melt ponds on sea ice, F mp , as well as from F CO2 :
where f mp is the fractional coverage of melt ponds. Here we assess the potential bias resulting from ice and melt pond contributions to the total flux. We estimate F ice as ±2 mmol m À2 d À1 , the mean of fluxes measured in near-freezing conditions [Delille et al., 2014] . We assume that ice acts as a sink during the summer melt [Delille et al., 2014] and as a source during the autumn freezeup [Delille et al., 2007] . Following their formation, which typically occurs in June, melt ponds rapidly reach near equilibrium with atmospheric pCO 2 . A small sink of approximately À1 mmol m À2 d À1 is maintained due to continued replenishment of the low pCO 2w Figure 3 . Open-water (sea ice concentration < 1%) k. FGGA CO 2 measurements are binned in 2 m s À1 wide wind speed bins (blue circles), with the number of measurements within each bin shown. A quadratic fit to the binned measurements between 1 and 11 m s
À1
, quadratic and cubic wind speed-based bulk parameterizations, the L14 model wave, wave plus ice terms, and L14 v2 model are also shown. 
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meltwater [Geilfus et al., 2015; Nomura et al., 2013; Geilfus et al., 2012] . We apply this estimate of F mp to a melt pond period, defined as up until DOY 218. After this time, ponds were observed to have generally melted through to the underlying seawater . Melt ponds are not distinguished from open water in the AMSR2 retrieval [Kern et al., 2016] ; we assume that in sea ice, f mp = 0.5 f, with f then reduced accordingly.
In sea ice concentration >25%, the area-weighted CO 2 flux from sea ice (mean = 0.14 mmol m ). The transfer velocity determined from only F CO2 (equations (1) and (2)) and scaled by f is well within the range of k eff in each sea ice bin (Figure 4 ). For ice concentrations >75%, removal of sea ice and melt pond fluxes has the greatest effect, reducing the transfer rate from above the linear scaling to near zero.
The model of air-sea gas exchange developed by Loose et al. [2014, hereafter L14 ] predicts enhanced gas transfer in the presence of sea ice. The model produces separate estimates of gas transfer due to the action of short waves in open water and leads [Frew et al., 2004] , and the competing influences of shear (the sum of contributions from the air-sea interface, ice-water interface, and form drag from ice edges) and buoyancy forcing, collectively termed "ice effects" in the model. The wave and ice terms cannot strictly be summed to obtain a single estimate of k eff due to similarity considerations (B. Loose, personal communication). The velocity of ice relative to the underlying water, V ice , was not measured during ACSE; an estimated V ice from 0 to 0.2 m s À1 was chosen as a representative range of Arctic ice drift velocities [Hakkinen et al., 2008] . The L14 model forced with observations of wind speed, sea ice concentration, and air and water temperature predicts enhanced gas transfer in sea ice. The wave term alone predicts k eff greater than a linear scaling with f ( Figure 4) . While an unaccounted for surface gradient in pCO 2w could cause a low bias in our k eff measurements, such a gradient would itself be reduced by enhanced waterside turbulence.
The L14 model is not specifically designed for open water. During ACSE open-water conditions were marginally convective (mean water-air temperature difference 1.1°C; Figure 1 ). The buoyancy component of the L14 model ice term, nonzero when water temperature is greater than air, results in overestimation of k at wind speeds below 11 m s À1 (Figure 3) . Removal of the buoyancy-driven component of the model when f = 1 reduces the L14 ice term to zero, improving agreement with observations.
A recent development of the L14 model, here termed L14 v2 (https://github.com/bloose/keff_in_SeaIceZone. git; B. Loose, personal communication), relates wind speed, wave breaking, and turbulent dissipation by using field measurements [Sutherland and Melville, 2015; Smith and Thomson, 2016; Zippel and Thomson, 2016] . The L14 v2 model produces a single combined estimate of k eff . Forced with ACSE observations and the estimated range of V ice , the L14 v2, estimates of k eff are within the observational standard error range in sea ice conditions (Figure 4 ).
Conclusions
We report direct EC determinations of CO 2 k eff in open water, marginal sea ice, and dense pack ice regions of the Arctic. In open water, the measurements have a quadratic dependence on wind speed and are in good agreement with previously published parameterizations. In sea ice, the measurements show an approximately linear dependence of k eff on f. Due to the large ΔpCO 2 during the experiment, estimated fluxes from sea ice and melt ponds were a small fraction of the total measured CO 2 flux and acted to reduce k eff at high ice concentrations. The eddy covariance measurements in sea ice are highly variable as a result of the measurement uncertainty inherent in both a ship-based EC trace gas measurement and in the ΔpCO 2 within the flux footprint. The range of these results encompasses both indirect estimates of k eff from radon-deficit experiments in the Arctic [Rutgers van der Loeff et al., 2014] , and recent direct k eff measurements obtained in the Antarctic MIZ and Southern Ocean [Butterworth and Miller, 2016a] . The agreement of the only two published sets of EC k eff measurements provides confidence in the utility of this approach.
The L14 model of air-sea-ice gas transfer overestimates k eff when driven by the observed environmental conditions. However, the unpublished L14 v2 model estimates of k eff are largely within the uncertainty
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range of the observations. A hypothesized net enhancement of gas transfer due to additional waterside turbulent forcing in the presence of sea ice is not observed in our measurements.
Future field experiments should ideally include additional measurements of ice properties, in situ measurements of V ice and pCO 2w within the flux footprint. Measurements of surface pCO 2w and near-surface gradients would be of particular value. In the absence of these measurements, our results combined with the EC measurements from the Antarctic MIZ [Butterworth and Miller, 2016a] suggest that a linear scaling of k with f [e.g., Takahashi et al., 2009] is the appropriate choice for parameterization of air-sea gas flux in ice-covered polar regions.
